e molecular bases of almost one half of the 6,727 disorders with suspected Mendelian inheritance have been de ned within the past generation (1). Mendelian disorders account for ~17% of pediatric hospitalizations and an even greater proportion of health care costs (2) (3) (4) . An immediate bene t of diseasegene discovery is the capability of de nitive diagnosis in a ected individuals and risk assessment for relatives. Decades of experience have established the utility of Mendelian diagnosis by serial additive Sanger sequencing of candidate genes, yielding guidelines for clinical laboratory procedures, variant interpretation, and the ethics of testing (5) (6) (7) (8) . However, despite this progress the availability of clinical testing for most Mendelian disorders is hampered by economics: e rarity of many conditions makes them unattractive targets for commercialization; for others, testing is handicapped by exclusive patentownership practices (9) . As a result, public knowledge of mutation spectrum, genotypephenotype relationships, and allele frequencies is rudimentary for most Mendelian disorders. In turn, low rates of ascertainment and delayed diagnosis hamper treatment innovations. Of those for which molecular tests are available, many exhibit locus and/or clinical heterogeneity, engendering lengthy and costly di erential-diagnostic odysseys. Not infrequently, the cost of diagnosis exceeds $10,000 per patient (10) .
us, it is with great excitement that scientists and clinicians greet recent reports of Mendelian disease diagnosis by wholegenome sequencing (WGS), such as that by Bainbridge and colleagues in this issue of Science Translational Medicine (11) . In this Perspective, we discuss whether, when, and whereby WGS and related approaches might become routine for clinical diagnosis.
Driving these diagnostic developments are next-generation sequencing (NGS) technologies, which have lowered the cost of individual genome sequencing 1700-fold (12) . Simultaneously, for the ~20% of genes that are patented, the legal status of exclusive rights to clinical testing is being broadly assailed (9) . Additional economies are a orded by sequencing only the exome (exome-seq; the 2% of the genome represented by coding regions, or exons), the "Mendelianome" (coding regions of 2,993 known disease genes), or targeted disease panels using NGS (13) .
ese trends promise to remove the nancial hurdle to routine comprehensive sequencing for diagnostic purposes in the near future. But when? And how?
NEXT GENERATION METHODS, ROUTINE USE?
Sequencing of single candidate diseasedriving genes is e ective for diagnosis if distinctive clinical features are present and minimal locus heterogeneity exists. However, speci c diseases that feature gross locus heterogeneity (multiple genes may be causal) or broad presentations (such as mitochondrial dysfunction, congenital disorders of glycosylation, sensorineural deafness, and intellectual disability) are intractable with conventional capillary sequencing. is bottleneck results from the inability to prioritize individual genes among many candidates for diagnostic testing. NGS approaches circumvent this bottleneck because all candidate genes may be interrogated simultaneously.
Although the utility of WGS and exomeseq for disease-gene discovery is well established, the power of such technologies for routine clinical diagnosis and therapeutic guidance is just beginning to be realized (10, 11, (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . A prototypical example of diagnostic WGS in a setting of gross locus heterogeneity is Charcot-Marie-Tooth disease (CMT), in which heterogeneity exists in both the inheritance pattern and genetic loci (causal mutations have been identi ed in 37 genes to date). Research-grade WGS of the proband (the a ected family member through whom the family is ascertained) identi ed compound heterozygous exonic variants in a gene previously reported to be mutated in CMT type 4C [Online Mendelian Inheritance in Man database number 601596 (1)] (10). ese variants were subsequently veri ed by Sanger sequencing and were shown to track with the disease in three additional siblings, establishing a molecular diagnosis for the family.
Con rmation of research-grade WGS ndings with additional testing and interpretation for diagnostic purposes is important for two reasons. First, researchgrade WGS alone is inadequate for clinical interpretation and reporting of variants.
is incompatibility arises from the fact that, in order to be economically feasible, research-grade WGS employs genome coverage (or depth of sequencing) and variant lters (bioinformatic standards designed to distinguish true genomic variants from noise) that are of insu cient accuracy for diagnostic use. Because human genomes are diploid, the status of both chromosomes must be delineated at each nucleotide position (genotyping) in order to achieve diagnosis. e coverage distribution of WGS is approximately Poisson in character, which implies that individual genomic regions exhibit a variety of coverages that are symmetrically distributed around a mean ( Fig.  1 ). Research-grade WGS is performed to an average 30-fold coverage (that is, 90 billion bases of sequence for a 3-billion base haploid genome) with a quality score of at least Q20 (1 in 100 chance of a wrong call at each base; raw accuracy of a base call, 99%) (26) . As a result, analytical speci city (in this case, the accuracy of genotypes at positions with variants) is sacri ced in favor of analytical sensitivity (the proportion of true variants identi ed). For example, heterozygous positions are quite o en wrongly designated as homozygous. Sixty-or 90-fold coverage would correct this discrepancy and
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permit genotyping that is likely to be of diagnostic quality, albeit increasing cost substantially ( Fig. 1) (26) .
Second, genomic variants identi ed by research testing should not be reported to patients without con rmatory testing in a Clinical Laboratory Improvement Amendments (CLIA)-certi ed laboratory (27) , which adheres to quality standards appropriate for diagnostic testing (Fig. 2 ). Our perspective is that WGS and exome-seq are useful for nominating genomic variants, including copy number variants (CNVs), but that CLIAcompliant con rmatory genotyping is required for clinical interpretation of genomic results and reporting of ndings to patients. ese issues are important because some CLIA-certi ed commercial laboratories o er WGS results to clients without con rmatory testing. In particular, WGS appears to be a coste ective and successful strategy for diseases in which the number of gene targets makes individual sequencing too cumbersome and/or expensive (10, 11, 17) . e next question for WGS is whether it is a rational approach for the diagnosis of diseases associated with a modest number of genes that must be sequenced (for example, between 1 and 10). A plethora of such disorders exist, including Mendelian early-onset diabetes mellitus, hereditary cancers of speci c tissues, prolonged QT interval, and lysosomal tra cking immunode ciencies. e current research paper by Bainbridge et al. (11) reports WGS of fraternal twins concordant for dopa-responsive dystonia (DRD), a complex movement disorder caused by three known genes, two of which that had been excluded from the twins' diagnosis by conventional clinical sequencing. WGS of both twins revealed compound heterozygosity for two previously reported variants in the sepiapterin reductase (SPR) gene, which encodes an aldo-keto reductase enzyme that participates in the biosynthesis of tetrahydrobiopterin, a cofactor for various neurotransmitter biosynthetic enzymes. Sanger sequencing con rmed a molecular diagnosis of SPR-DRD in the twins as well as the carrier status of both parents and two grandparents. ese ndings illustrate the value of WGS-assisted molecular diagnosis for individualized treatment: In contrast to other forms of DRD, treatment with 5-hydroxytryptamine and serotonin reuptake inhibitors is indicated in patients with SPR defects. Detractors will point out that this diagnosis could have been made by sequencing the third candidate gene alone. However, the Bainbridge et al. report serves as an exemplary model for the diagnostic utility and subsequent therapeutic bene t of combined WGS and re ex con rmatory testing in cases associated with conditions of at least moderate genetic heterogeneity.
Beyond WGS. Exome-seq and targeted NGS di er from WGS in a few key respects. First, these technologies require enrichment of the desired genomic regions before NGS can be performed. Several comparable enrichment methods are currently available, none of which are perfect, given that only a proportion of the product is on-target. at proportion varies with several factors, such as the degree of sample multiplexing-the number of samples that can be given molecular bar codes and pooled during the enrichment and sequencing processes-which, in turn, is a driver of cost-e ectiveness. Second, enrichment adds bias, demonstrable by right-skewing of the aforementioned coverage distribution (Fig. 1) . is means that for exome-seq to achieve sensitivity comparable to that of WGS, greater depth of coverage must be obtained (Fig. 1) , partially o setting the cost-saving rationale for use of the method in lieu of WGS. However, clinicians and researchers have much more exposure and access to a large body of literature on exome-seq (15-25, 28, 29) followed by con rmatory Sanger sequencing for the diagnosis and discovery of Approximately 5% of the genome has insuffi cient coverage to allow variants to be detected (dotted white line). In contrast, the genome coverage achieved by exome-seq and targeted NGS is right-skewed. Thus, approximately 100-fold average coverage is necessary to achieve a sensitivity of variant detection similar to WGS.
Fig. 2. Fast forward?
Shown are the major similarities and diff erences in refi nements needed for diagnostic use (DX) of WGS, exome-seq, and targeted NGS. The average depth of coverage diff ers in each approach. Refl ex confi rmatory testing of all clinically relevant results is necessary for WGS and exome-seq but probably not for targeted NGS; this is because it is possible to obtain a large number of independent observations of each sequence variant. All three methods require pathological interpretation and reporting by a certifi ed laboratory director.
Mendelian mutations, relative to WGS (10, 11, 14) . As just one example of such a prospective case study, exome-seq was used to nominate a candidate gene in a child with enteropathy-a disorder with moderate genetic heterogeneity-that failed to be disclosed by extensive conventional molecular testing (21) . is report illustrates the value of exome-seq-assisted individualized treatment in that hematopoietic stem cell transplantation ablated the patient's symptoms. Exome-seq variant detection is limited to mutations located in coding and splice junction regions. However, in none of the cases reported to date did WGS provide diagnostic or therapeutic information beyond that which would have been a orded by whole-exome or targeted-exome sequencing, which is ~ vefold and ~15-fold less expensive than WGS, respectively. Like WGS, exome-seq yields few false-positive identications of exonic CNVs, but currently has too many false-negative calls. It is not yet possible to o er best-practice guidelines for exome-seq, because the various commercially available kits di er so greatly in the target sizes they accommodate, which range from 20 to 60 Mb. However, exome-seq appears to be an e ective adjunct to diagnostic workups for Mendelian diseases.
In our view, targeted NGS is emerging as an ideal interim technology for clinical diagnosis. Enrichment targets vary from the Mendelianome (~0.25% of the genome) to mutation-harboring regions of genes germane to speci c clinical presentations. Many clinical laboratories have recently begun to target 10 to 100 genes simultaneously with NGS (30) . Unlike WGS, depth of sequencing can be increased economically to achieve diagnostic metrics comparable to conventional capillary sequencing. For example, one of us recently reported results of a retrospective assessment of targeted NGS for 448 recessive childhood diseases in 104 samples, which showed ~95% sensitivity and ~100% speci city for the detection and genotyping of substitution, insertion and deletion, splicing, and gross-deletion mutations at a 160-fold average coverage (13) . Multiplexing, enrichment, and sequencing steps were used to achieve a cost of $400 per sample. Custom baits were included to capture known nonexonic mutations and boundaries of known gross deletions, insertions, and rearrangements, which are otherwise technically di cult to detect with NGS. Extensive validation of targeted NGS and interpretation of results using bioin-formatic pipelines in conventional clinical testing situations are now needed to identify best practices and inform decisions regarding the necessity of continued con rmatory testing of positive results.
NOT SO FAST
Before a sense of euphoria sinks in, however, we o er perspectives on the four most important hurdles to broad use of NGS-based diagnostic testing in clinical laboratories. First, no clinical-grade general database of disease-associated mutations currently exists. Interpreting the clinical signi cance of mutations relies on information found in the primary literature and general and locus-speci c databases (5, 8) ; disturbingly, 27% of literature-cited mutations may be incorrect (13) . Consortia organized by leading reference laboratories, the National Center for Biotechnology Information, the Human Genome Variation Society, and the Human Variome Project are beginning to develop plans and recommendations to address these issues and create a clinical-grade general database (31) .
Second, consensus strategies for standardized, high-throughput interpretation of genetic variants of unknown signi cance (VUS) must be developed and implemented. e current guidelines for clinical interpretation and reporting of disease variants (5, 8) are largely extensible to NGS but may warrant several considerations for future revisions: (i) Current guidelines for reporting VUS are necessarily conservative, written in the context of testing one or a few candidate genes.
ere is a high burden to report variants that are unlikely to be causative for fear of undercalling a pathogenic genotype, a fear perhaps less relevant in the context of sequencing all potentially causal genes rather than a single locus. As more public genomic data become available, the knowledge of variant frequencies and improved global insights into their correlation with disease should yield lessambiguous reports for VUS. (ii) Mutation interpretation guidelines must be extended to include provisions for reporting genotypes and paired haplotypes (genetic constituents of each individual chromosome) with future extensibility to epistasis (gene-gene interactions resulting in modi ed phenotypes). (iii) Consensus so ware tools are needed for automated in-process VUS annotation to accommodate increasing test volumes and the numbers of all variants generated by NGS. (iv) In light of ongoing advancements in NGS, the way in which clinical laboratories report inci-dental ndings-genomic variants perceived to be immaterial to the illness for which a diagnosis is sought-requires reassessment in terms of the increasing knowledge of the occurrence of pleiotropy, epistasis, and genetic heterogeneity. For example, broader genetic backgrounds of patients, including variants categorized as incidental, will likely explain why the same disease mutation may result in variable symptoms in distinct individuals.
(v) Broader genomic testing creates a much greater need for clinical correlation than was necessary for conventional molecular testing. Adapting to this reality will require both careful collection of phenotypic information and use of a controlled vocabulary when genomic level-sequencing testing is ordered.
ird, genomic training programs must be designed for use in medical school curricula, residency training, and the reeducation of mature physicians. Health care providers will need better interpretive and communication skills regarding genetic information. Clearly, the numbers of clinical geneticists and genetic counselors are, and will continue to be, insu cient to serve as the sole providers of genomic medicine. us, a standard for genomic medicine certi cation for other subspecialists is urgently needed, as are genomic medicine training tracks for physician assistants and nurse practitioners. In addition, as genomic medicine becomes the standard of care, the role of interpretation and reporting will likely expand to pathologists, who will also require education. Without such initiatives, genomic medicine lacks the infrastructure for broad deployment.
Finally, before clinical practice guidelines can be de ned for NGS-based diagnosis, many questions must be answered: What are the analytical gold standards? What are the bene ts and harms of using genomic information in health care, and how are these maximized and minimized, respectively? Which sets of disorders bene t from NGSbased diagnostic testing in terms of cost and improved outcomes? What are the implications for preconception carrier testing and neonatal screening? How can improved rates of ascertainment and earlier diagnoses be leveraged to reinvigorate clinical trials of new therapies for orphan disorders? Although NGS has only recently arrived in the clinic and shows great potential as a diagnostic tool, the technology has outpaced the modes of analysis. To remedy this imbalance moving forward will require thoughtful planning by clinical and laboratory geneticists, researchers, bioinformaticians, and ethicists.
